Ethanol activates the Mef2 transcriptional activator to induce Hr38, and the Sirt1 histone/protein deacetylase is required to terminate Hr38 induction. Loss of Hr38 decreases ethanol tolerance and causes precocious but short-lasting ethanol preference. Similarly, reduced Mef2 activity in all neurons or specifically in the mushroom body α/β neurons decreases ethanol tolerance; Sirt1 promotes ethanol tolerance in these same neurons. Genetically decreasing Hr38 expression levels in Sirt1 null mutants restores ethanol tolerance, demonstrating that both induction and termination of Hr38 expression are important for behavioral plasticity to proceed. These data demonstrate that Hr38 functions as an immediate early transcription factor that promotes ethanol behavioral plasticity.
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| INTRODUCTION
Ethanol, one of the most widely used and frequently abused addictive drugs, is a small molecule that diffuses rapidly throughout the body and that binds to an as yet incompletely defined spectrum of molecules. Its effects vary based on dose, exposure time and pattern, an individuals' history of intake, and their genetic makeup. This complexity of action has hampered progress in reducing the prevalence of alcohol use disorders through rational interventions. 1 One approach forward is to define, in detail, the stimulus-response relationship for ethanol in ethanol naïve animals. While the first ethanol exposure rarely leads directly to alcoholism, it does cause changes in behavior that reflect changes in brain function; these changes provide an altered substrate for subsequent intake and they promote addiction risk. Furthermore, many genes are oppositely regulated by acute ethanol exposure and in ethanol withdrawal. 2 Practically, this suggests that detailed mechanistic understanding of acute ethanol exposure action, especially when coupled to measures of behavioral plasticity, will provide insight into the more complex mechanisms underlying addiction.
One form of ethanol-induced behavioral plasticity is tolerance, the acquired resistance to the inebriating and sedating properties of ethanol. 3 Ethanol tolerance facilitates increased intake, a risk factor for later developing alcohol use disorders.
Drugs of abuse, including ethanol, cause changes in gene expression in the brain that can alter the properties of the brain. Drosophila melanogaster is a useful organism for defining how acute ethanol alters behavior through gene regulation. 4 In Drosophila, as in mammals, acute ethanol exposure progressively stimulates locomotion, motor incoordination, and sedation. Ethanol exposure also induces ethanol tolerance, ethanol preference, ethanol reward, and signs of ethanol withdrawal.
Acute ethanol exposure causes marked changes in gene expression, and some ethanol-regulated genes have been shown to be critical for ethanol-induced behavioral plasticity.
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Neural activity and drugs of abuse induce immediate early genes in the nervous system, including transcription factors like Fos that are important for driving programs of gene expression. 11, 12 Neural activity in Drosophila also induces immediate early genes. [13] [14] [15] 
and Sirt1 2A-7-11 (BDSC #8838).
| RNA measurement
RNA was extracted from male heads, DNase treated, and reversetranscribed using MultiScribe (Applied Biosystems, Foster City, CA USA).
Quantitative PCR reactions were performed using the SYBR Green method and custom designed primers on a StepOnePlus machine (Applied Biosystems). C t values were normalized to RpL32, expression was calculated using the ΔΔC t method, and the mean of multiple independent biological replicates was calculated. Oligonucleotide primers used in this study were Cdc7: AATGGAGCTG CAGTCATGG (F), 
| Whole mount immunohistochemistry
Brains were dissected in PBS and 0.05% Triton-X 100 (0.05% PBT), fixed (2% paraformaldehyde in 0.05% PBT) overnight at 4 C or 1 hour at room temperature. They were washed 5× 10 minutes in 0.1% PBT, blocked 1 hour in 0.1% PBT with 0.5% wt/vol BSA and 5% normal goat serum and then incubated with primary antibodies overnight at 4 C.
Brains were washed, blocked, and incubated with secondary antibodies overnight at 4 C, followed by further washes and then mounted on glass slides with Vectashield (Vector Laboratories, Burlingame, CA USA).
Antibodies used were rabbit anti-GFP (1:1000, Invitrogen A6455), 
| Ethanol behaviors
Ethanol sensitivity and tolerance were measured as previously described. 5 Briefly, groups of 20 genetically identical flies (n = 1) were exposed to 55% ethanol vapor or 100% humidified air, and the number of flies that lost the righting reflex were counted at 6 minutes intervals. The time to 50% sedation (ST50) was calculated for each group, and the experiment was repeated across different days and from different parental crosses. Flies were allowed to rest for 3.5 hours and then re-exposed to an identical concentration of ethanol vapor, and tolerance was calculated as the difference in ST50 between the two exposures. The capillary feeding assay (CAFE) was used to determine ethanol preference, as previously described. 22 Groups of eight adult males were collected 3 to 4 days after eclosion and allowed to recover from CO 2 for 1 day. They were pre-exposed to either 55% ethanol vapor/air mixture or 100% humidified air alone 
| Ethanol absorption and metabolism
Flies were frozen in liquid nitrogen and homogenized in 50 mM TrisHCl, pH 7.5. Ethanol concentrations were measured in fly homogenates using the Ethanol Assay Kit from Diagnostic Chemicals Ltd, Nova Scotia, Canada. (catalog #229-29). To calculate the ethanol concentration in flies, the volume of one fly was estimated to be 1 μL.
| Statistical analysis
GraphPad Prism 7.0c was used for unpaired t-test, one sample t-test, Error bars represent the SEM.
3 | RESULTS
| Hr38 is induced by acute ethanol exposure
We surveyed a subset of immediate early genes-those that are broadly induced by neuronal activity-to ask if drug naïve Drosophila respond to ethanol transcriptionally through similar pathways. 13, 15, 16 Of these genes, the Nr4a nuclear hormone receptor homolog Hr38 was the only transcription factor whose expression was induced to statistical significance ( Figure 1A ). The Jun-related antigen Jra gene showed a strong trend towards induction, with a significant induction vs air exposure but not vs the no treatment control. Retrospective analysis of a gene expression time course following acute ethanol exposure revealed that Hr38 levels peaked 60 minutes after ethanol exposure termination and then decreased to baseline within 3 hours, kinetics that are typical for immediate early response genes ( Figure 1B ). Thus, ethanol induces immediate early genes in a pattern that partially overlaps that of neuronal activation.
| Hr38 promotes ethanol tolerance and ethanol preference
Induction of the transcription factor Hr38 suggested that it may regulate gene expression in the nervous system to promote ethanol behavioral plasticity. To ask if Hr38 functions in ethanol behaviors, we tested flies underexpressing or overexpressing the gene for ethanol sensitivity, ethanol rapid tolerance, and ethanol preference. Ethanol sensitivity was measured as the time to 50% sedation for groups of genetically identical flies. Ethanol tolerance was measured by giving these flies a second, identical ethanol exposure 3.5 hours after the first exposure, and calculating the difference in sedation time between exposures: flies acquire resistance to the sedative effects of ethanol.
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Hr38 y214 null mutants are pupal lethal, so we tested heterozygotes with 50% normal Hr38 levels, which we confirmed (53% AE12.5% SEM compared to the genetic background control, n = 8). 21 Hr38 heterozygotes showed increased ethanol resistance and decreased ethanol tolerance ( Figure 1C) . A BAC insertion of the Hr38 genomic region, when heterozygous in wild-type flies, increased Hr38 genomic copy number from two to three and expression 1.78-fold (P = .0154 twotailed t-test, n = 6 biological replicates). Hr38 overexpression did not affect ethanol sensitivity, but it markedly increased ethanol tolerance ( Figure 1D ). This suggests that Hr38 levels induced by ethanol are critical for setting the magnitude of ethanol tolerance, and that the role of Hr38 in ethanol sensitivity and tolerance may be separable.
Drosophila develops a preference for ethanol intake. 24 Ethanol preference was measured in the two choice CAFÉ assay, where flies can drink from capillaries containing sucrose and yeast either with or without 15%
ethanol. 22, 25 Ethanol preference in wild-type was induced by preexposure to ethanol vapor ( Figure 1E ). 26 In contrast, Hr38 loss-of-function mutants showed precocious ethanol preference, and this preference dissipated with ethanol pre-exposure ( Figure 1E ). Ethanol exposure did not affect Hr38 mutant viability measured over a week, arguing against nonspecific tissue damage (not shown). A similar phenotype was previously observed in flies lacking Sirt1, where precocious preference and lack of induced preference were shown to be separable. 5 Bitter taste avoidance was unaffected in the Hr38 mutants, suggesting that their ethanol taste reactivity is intact ( Figure 1F ). Moreover, ethanol absorption and metabolism were unaffected in Hr38 mutants ( Figure 1G ). Taken together, these results suggest that the levels of Hr38 expression are important for two forms of ethanol behavioral plasticity, tolerance and preference.
| Hr38 is expressed in neurons where it is induced by ethanol
Hr38 on the genomic BAC is C-terminal tagged with GFP (Hr38.GFP), which allowed us to determine its expression pattern in the fly brain ( Figure 2 ). Hr38.GFP was localized to the cell nucleus but was also present in the cytoplasm in some brain regions, most notably in the axons of the mushroom body lobes (Figure 2A , Movie S1, Supporting Information).
Co-labeling indicated that Hr38-positive cells were neurons (Figure 2A ).
Hr38.GFP expression was found sporadically throughout the adult brain, and the mushroom body kenyon cell nuclei were prominently labeled (C) Time to 50% sedation (ST50) for Hr38 null mutant heterozygotes vs wildtype controls (+/+) exposed to ethanol once (E1) for sensitivity or twice (E2-E1) for tolerance, t-test, n = 30 groups. (D) Ethanol sensitivity and tolerance in flies with three copies of the Hr38 genomic region (HR38.GFP) t-test, n = 12 groups. (E) Ethanol preference in Hr38 null heterozygotes. Flies are pre-exposed to either air or ethanol and after 16 hours placed into the 2 choice CAFÉ assay. A positive index indicates preference for ethanol intake. Onesample t-test compared to zero preference, n = 20 groups. (F) Hr38 null heterozygotes show avoidance of a bitter but sweeter food source in a twochoice seeking assay. One sample t-test compared to zero preference, n = 5 groups. (G) Ethanol accumulation immediately following a 20 minutes exposure, and after a 20 minutes rest, allowing ethanol to be metabolized; t-test, n = 8 groups. *P < .05, **P < .01, ***P < .001 ethanol tolerance (not shown). Dominant negative Mef2 in all neurons also decreased ethanol tolerance, but it had no effect on ethanol sensitivity ( Figure 3F ).
Neuronal activity in the mushroom body α/β neurons promotes ethanol tolerance, where Mef2 and Hr38 expression are enriched.
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Expression of dominant negative Mef2 in these neurons using the 17d-Gal4 mushroom body driver reduced ethanol tolerance ( Figure 3G ). Co-expression of the Gal4 repressor Gal80 specifically in the mushroom bodies blocked the effect of Mef2.EnR on ethanol tolerance, indicating that Mef2 promotes tolerance in the mushroom bodies ( Figure 3H ).
| Sirt1 terminates ethanol-induction of Hr38 to promote ethanol tolerance
Sirt1 (also known as Sir2) is a histone/protein deacetylase that regulates responses to drugs of abuse in Drosophila and mammals. 5, 32 Mushroom body α/β neuron promotion of ethanol tolerance, preference, and reward requires Sirt1. Further, Sirt1 broadly allows gene expression regulation by acute ethanol exposure. We therefore asked if absence of Sirt1 affected ethanol induction of Hr38. Hr38 was induced normally at 1 hour after acute ethanol exposure in Sirt1 null mutants ( Figure 4A ). We also assessed Hr38 expression 3 hours after ethanol termination, when Hr38 levels have returned to pre-exposure levels. Hr38 expression was markedly higher in Sirt1 null mutants at 3 hours ( Figure 4A ). The failure to terminate Hr38 induction in Sirt1 nulls may be a consequence of lacking Sirt1 throughout development and adulthood, or it may reflect loss of a more temporally direct action of Sirt1 in repressing Hr38. To help distinguish between these possibilities, we fed adult flies nicotinamide, a potent end-product inhibitor of Sirt1 deacetylase activity that is active against Sirt1 in vivo, and that phenocopies Sirt1 nulls by decreasing ethanol tolerance. 5 As in Our findings suggested that ethanol induction of Hr38 may need to be terminated rapidly in order for behavioral plasticity to proceed.
We performed a test of this by making double mutants with Sirt1 and H4 acetylation was modified at a large number of genomic loci 6 and 24 hours after ethanol exposure. 33 Further, the increase in histone acetylation can be quite rapid, starting during inebriation. 5 Therefore, acute ethanol induces genomic changes rapidly, broadly, and lastingly.
Hr38 and the other ethanol-induced immediate early response genes we identified are candidates for controlling major aspects of ethanol neuroadaptation. In particular, Hr38 as a transcription factor may control the expression of downstream effector genes. The reciprocal effects on ethanol tolerance of lowering and raising Hr38 levels, plus the consequences of prolonging Hr38 expression, all argue that Hr38 is a key regulator of the genomic program for ethanol neuroadaptation.
Hr38, the sole homolog of the mammalian Nr4a1/2/3 gene family, may carry out some of the functions ascribed to distinct mammalian family members. Mammalian Nr4a transcription factors are induced by neuronal activity, stress and drugs of abuse. 34 In particular, Nr4a1, also known as Nur77 and NGFIB, is upregulated by cocaine and morphine in brain regions implicated in addiction, and deletion of Nr4a2, also known as Nurr1, decreases ethanol preference. [35] [36] [37] Nr4a1 and Nr4a2 are also implicated in forms of long-term memory. Further, Mef2C and NR4a1 are coordinately increased in the striatum by cocaine, and Mef2 promotes cocaine sensitization in the nucleus accumbens, a brain region critical for drug reward. 43, 44 Mef2 expression and activity can be regulated by many different signaling pathways, including those associated with neural activity like intracellular calcium levels, and also those that are known to be regulated by ethanol in mammals. 27, 45, 46 The concomitant upregulation by ethanol of numerous other immediate early genes suggests that acute ethanol may act in part through pathways related to those engaged by neuronal activity. 13 Transcript instability coupled with fast shutdown of transcription work concomitantly to keep immediate early gene expression transient. 47 We showed that the rapid termination of Hr38 expression is critical for the development of ethanol tolerance, and that Hr38 
